The first line drug against leishmaniasis consists of pentavalent antimony [Sb(V)], but there is general belief that the active form of the metal is the trivalent form [Sb(III)]. In this study, we have quantified the accumulation of Sb(V) and Sb(III) in Leishmania by using inductively coupled plasma mass spectrometry. The accumulation was studied in three Leishmania species at various life stages, sensitive or resistant to antimony. Both Sb(III) and Sb(V) are accumulated in promastigote and amastigote parasites, but through competition experiments with arsenite, we found that the routes of entry of Sb(V) and Sb(III) are likely to differ in Leishmania. The level of accumulation of either Sb(III) or Sb(V), however, was not correlated with the susceptibility of wild-type Leishmania cells to antimony. This suggests that other factors may also be implicated in the mode of action of the drugs. In contrast to metal susceptibility, resistance to Sb(III) correlated well with decreased antimony accumulation. This phenotype was energy dependent and highlights the importance of transport systems in drug resistance of this protozoan parasite.
The protozoan parasite Leishmania is responsible for several pathologies ranging from self-healing cutaneous lesions to visceral infections that can be fatal if untreated (14) . No effective vaccines are available against leishmaniasis, and the treatment relies on chemotherapy (1, 22) . The first line drug against all forms of Leishmania infection consists of pentavalent antimony [Sb(V)]-containing drugs such as Pentostam and Glucantime. Resistance to this class of drug has been described in several parts of the world (11) but has reached epidemic proportions in the state of Bihar, India (35) . Resistance to Sb(V) drugs in Leishmania is one of the World Health Organization's antimicrobial resistance priorities (www.who.int/infectious-disease-report/2000). The recent demonstration of the efficacy of miltefosine is a breakthrough (34) , but resistance to this drug, at least in vitro, can easily be achieved (25) . It is quite remarkable that even after 50 years of clinical use, the mode of action of antimony is unknown, but there is a general belief that to be active, Sb(V) needs to be reduced to the trivalent form (24) . The exact site of reduction is also unknown, although evidence for reduction inside the parasites was recently described (33) . An alternative view is that the metal is reduced in the macrophage of the host (31) . Reduction could occur either enzymatically, as in yeast (21) , or by parasite-or host-derived thiols (30) .
The mechanism of resistance to antimony in field strains is unknown, and most of our understanding stems from work based on cells in which resistance was selected in vitro. Leishmania cells have been selected in the past for Sb(V) resistance, and some resistance mechanisms were suggested, including reduced accumulation (7) , gene amplification (10, 13) , and loss of reduction of the metal (33) . Since the active drug is likely to be Sb(III), cells were also selected for Sb(III) resistance (12) , and analysis of these mutants led to the proposal of a model for resistance. This model was derived mostly from work carried out while studying resistance mechanisms to arsenite, a metal sharing several characteristics with antimony, but seems to hold true for Sb(III), at least in Leishmania tarentolae promastigotes (12) . Once Sb(III) is within the cell, it would be conjugated to trypanothione (24) , the parasite-specific spermidineglutathione conjugate (9) . Indeed, trypanothione was found to be increased in arsenite-and antimonite-resistant cells (12, 20) . This Sb-trypanothione conjugate could then be sequestered inside a vacuole by the ABC transporter PGPA (16) or extruded from the cell by a thiol-X efflux pump (6) , possibly corresponding to one of the five other ABC transporters belonging to the same family as PGPA that were unraveled in the almost completed Leishmania genome (www.genedb.org).
Altered transport of metals appears to be an important determinant for resistance (7) , but few studies have dealt with the uptake of antimony in Leishmania. The transport of antimony in Leishmania was first studied by using [ 125 Sb]Pentostam in the promastigote and amastigote stages of Leishmania mexicana and Leishmania donovani (2, 5) . The uptake of radioactive arsenite has also been used as a model to investigate transport of metals in Leishmania promastigotes (7, 15) . In parallel, a variety of mass spectrometric methods have been developed to measure metal uptake in Leishmania (26, 27, 33) , and here we present our analysis and new results on metal transport in three Leishmania species sensitive or resistant to antimony by using inductive coupled plasma mass spectrometry (ICP-MS).
MATERIALS AND METHODS

Reagents.
The additive-free formulations of N-methylglucamine antimoniate (Glucantime, WRAIR lot reference no. BL09186; Rhône Poulenc) and sodium stibogluconate (Pentostam, WRAIR lot reference no. BL06916; Glaxo-Wellcome), were from the Walter Reed Army Institute. Potassium antimonyl tartrate and sodium arsenate were obtained from Aldrich, and sodium m-arsenite, 2,4dinitrophenol (DNP), and valinomycin were obtained from Sigma.
Cell lines and cultures. The L. tarentolae cell lines TarII wild type, TarII As 50.1 (selected for resistance to arsenite), and TarII SbIII 400.1, a parent of TarIISb1.1 (selected for resistance to antimonite), have been described previously (12, 23) , as have Leishmania infantum strain MHOM/MA/67/ITMAP-263 (31) and Leishmania viannia panamensis strain MHOM/CO/86/1166 (18) . The L. infantum line was grown as axenic amastigotes in the cell-free medium MAA/20 (31) , and using a similar protocol, the L. panamensis line could also be grown as axenic amastigotes. We have generated, by step-wise selection starting with a drug concentration corresponding to the 50% effect concentration (EC 50 ) of the strain, Sb(III)-resistant mutants of L. infantum and L. panamensis axenic amastigotes. These mutants, named L. infantum SbIII 2000.1 and L. panamensis 12.3, are each 10-times-more resistant to SbIII than their wild-type parent cells. Cells were grown in SDM-79 at 25°C as promastigotes and in MAA/20 at 37°C (L. infantum) or 33°C (L. panamensis) as axenic amastigotes.
Transport assays. Log-phase Leishmania cells were washed twice in buffer A [50 mM triethanolamine hydrochloride, 15 mM KCl, 10 mM (NH 4 ) 2 SO 4 , and 1 mM MgSO 4 (pH 6.9)] and resuspended in buffer A containing 10 mM glucose, at a density of 10 8 cells/ml. Transport assays were done generally with 100 M substrate (either sodium arsenite, potassium antimonyl tartrate, or Pentostam). An aliquot was taken at various time points, washed two times with ice-cold HEPES-NaCl buffer, pelleted, dried, and then analyzed by ICP-MS. Each transport experiment was repeated at least twice. Transport experiments using inhibitors (including controls) were performed essentially as described above, except that glucose was omitted in buffer A. Cells were incubated for 15 min on ice with the metabolic inhibitors DNP (5 mM) or valinomycin (1 M) before the addition of the substrate.
ICP-MS analysis. All chemicals used for the pretreatment of the samples were of at least analytical reagent grade, unless stated otherwise. Deionized water made from a DDS-11A system (Shuang-Feng Pure Water Equipment Co., Beijing, China) was used throughout the experiments. A standard Sb solution (0.1000 mg/ml) was purchased from the National Standard Center of China (BW3145). Working solutions were prepared daily by dilution. Concentrated HNO 3 (0.1 ml) was added to each tube containing 5 ϫ 10 7 Leishmania cells. The mixture was maintained for 24 h at room temperature to ensure the complete dissolution of the cells. The sample was diluted to 1.5 ml with deionized water and then injected into the ICP-MS (Sciex Elan 5000; Perkin-Elmer) for quantification. The details of the operating parameters are available upon request. Briefly, samples were injected at a flow rate of 1 ml/min, nebulized with argon (flow rate, 0.781 liter/min), and observed at 121 m/z, with 5 replicates for each measurement.
RESULTS
Uptake of metals in Leishmania as determined by ICP-MS.
Antimony-containing drugs are the first line of treatment against Leishmaniasis, and we describe here the accumulation of antimony in sensitive and resistant strains of several Leishmania species. Initially, the accumulation of 73 As (7), a metal related to antimony and often used as a paradigm to study metal resistance in Leishmania, was reported. The direct measurement of Sb accumulation in Leishmania cells is complicated by the lack of a commercial source of 125 Sb. The accumulation of potassium antimony tartrate [Sb(III)] and of sodium arsenite [As(III)], were therefore measured in L. tarentolae using the relatively novel technique of ICP-MS. The accumulations of both metals were found to be concentration dependent ( Fig. 1 ) and consistent with previously reported kinetics with 73 As (7) . It has been argued, on the basis of cross-resistance data, that As(III) and Sb(III) have similar uptake systems and, possibly, modes of action in Leishmania (7) , although this does not appear to be the case for L. donovani (33) . In an attempt to further investigate this, we looked at Sb(III) transport in L. tarentolae and found that it was diminished in the presence of As(III) (Fig. 2) , demonstrating that in L. tarentolae, as in yeasts and mammals (reviewed in reference 28), As(III) and Sb(III) enter the cell by the same route.
Antimony uptake throughout the Leishmania life cycle. Our work with L. tarentolae promastigotes has validated the use of ICP-MS for the examination of Sb(III) transport in Leishmania cells. We were interested in determining whether other species of Leishmania, as promastigotes or amastigotes, were capable of accumulating Sb(III). We have developed L. infantum and L. panamensis strains that can be grown both as promastigotes and axenic amastigotes. The axenic amastigote stage parasites of both species were found to be more sensitive to Sb(III) and As(III) than the promastigote parasites (Table   FIG. 
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1). Also, the pathogenic species of Leishmania were intrinsically more resistant than L. tarentolae to both As(III) and Sb(III) ( Table 1 ). However, and as described at length previously (5, 19, 26, 31, 32) , neither promastigotes nor axenic amastigotes were sensitive to a pharmacological concentration of the preservative-free Sb(V) Pentostam (Table 1 ). We show here that despite various susceptibilities to Sb(III) ( Table 1) , the drug accumulates well in the promastigote stage of all species. The ability to accumulate the drug does not seem to correlate with drug susceptibility, since while four times more Sb(III) accumulates in L. infantum promastigotes than in amastigotes, the latter are 15-fold more sensitive ( Fig. 3 and Table 1 ). We also show that Sb(III) is accumulated in axenic amastigotes of both L. infantum and L. panamensis (Fig. 3 ).
There is no clear trend as to whether one life stage accumu-lates more Sb(III), since in L. infantum, a greater accumulation of Sb(III) was noted in promastigotes but in L. panamensis, more Sb(III) was measured in axenic amastigotes (Fig. 3 ). Pentavalent and trivalent antimony are not taken up by the same route. While Sb(V) is the drug used for treating Leishmaniasis, it is generally agreed that the active oxidation level of antimony is Sb(III). If reduction occurs primarily in the host, Leishmania should then encounter Sb(III). However, at this time, we cannot exclude the possibility that reduction occurs primarily in the parasite, in which case it would transport mostly Sb(V). We thus tested whether pentostam was taken up by Leishmania cells. We showed accumulation of pentostam in wild-type promastigotes of L. infantum, although levels were lower than for Sb(III) (Fig. 4A ). The accumulation of Pentostam was greater in L. infantum axenic amastigotes than in promastigotes, and in these amastigotes, the accumulation of Pentostam was higher than that of Sb(III) (Fig. 4B ). While Sb(V) enters both promastigotes and axenic amastigotes, the drug has no activity against these parasites at relevant pharmacological concentrations, displaying an EC 50 of Ͼ4 mM (Ͼ3,000 g/ml) (31) ( Table 1) . The same drug, however, is highly active against the intracellular form of the parasite with an EC 50 of 100 M (70 g/ml) (31) ( Table 1 ). We have shown that the uptake of Sb(III) is competitively inhibited by As(III) (Fig. 2 ). We then tested whether As(III) could compete with uptake of pentostam. As(III) was used instead of Sb(III), since both appear to be transported by the same system (Fig. 2) , and As and Sb can easily be discriminated by ICP-MS. It was observed that As(III) could not compete with the uptake of Sb(V) (Fig. 4C ), suggesting that As(III) and, more importantly, Sb(III) enter the cells by a different route than Sb(V). Using a similar strategy, we found that arsenate [As(V)] was also not inhibiting Sb(V) accumulation (Fig. 4C) .
Reduced accumulation of Sb(III) in Leishmania-resistant mutants. Our ability to measure the uptake of specific metals in Leishmania cells by using ICP-MS allowed us to look at the transport of these metals in a number of Leishmania species and stages selected for metal resistance. We first analyzed L. tarentolae As 50.1, a mutant for which a reduced accumulation of 73 As was described (7) . We confirmed that this mutant has a reduced accumulation of As compared to wild-type cells (Fig.  5A) , and for the first time, we have been able to show directly a decreased accumulation of Sb (Fig. 5B) , which is consistent with the cross-resistance pattern of this mutant (Table 1) . We also describe here the transport properties of TarII SbIII 400.1, an L. tarentolae Sb(III)-resistant mutant selected for Sb(III) resistance and cross-resistant to As(III) ( Table 1) . As with the As(III)-resistant mutant, we found a reduced accumulation of both arsenite and Sb(III) in this mutant (Fig. 5 ). Two new axenic amastigote Sb(III)-resistant mutants were generated. Similarly, as seen for L. tarentolae, the L. infantum and L. panamensis amastigote mutants selected for Sb(III) resistance were cross-resistant to As(III) ( Table 1 ). The resistant amastigote mutants displayed a markedly decreased accumulation of Sb(III) ( Fig. 3B and D) . Interestingly, when resistant amastigotes were switched to promastigotes, the transport defect selected in the amastigote stage of the parasites (Fig. 3B and D) was retained in the promastigote stage of both species (Fig. 3A and C) , suggesting that the transport defect is not stage specific. 
Energetics of Sb(III) transport in Leishmania.
We further characterized the Leishmania transport properties of Sb(III) by using metabolic inhibitors, including DNP, an ATPase inhibitor, and valinomycin, an ionophore that disrupts the membrane potential. The wild-type L. tarentolae cells and the Sb(III)-resistant mutant TarII SbII 400.1 were incubated with these inhibitors. Neither the wild-type nor the mutant strain with a decreased accumulation phenotype showed altered transport properties upon incubation with valinomycin ( Fig. 6 ). Treatment of wild-type cells with DNP increases by twofold the accumulation of Sb(III) in a susceptible strain, and upon DNP treatment, the Sb(III) accumulation in the mutant becomes indistinguishable from the accumulation of similarly treated wild-type cells (Fig. 6) . These results are suggestive of an active efflux system in both wild-type and mutant cells. Indeed, a metal efflux system has been inferred in Leishmania from work with 73 As (6, 7) . We were indeed capable of showing active efflux of Sb(III) in wild-type cells, and we also detected efflux in TarII SbIII 400.1, but this efflux system did not appear higher in the mutant than in the wild-type cells (results not shown).
DISCUSSION
A number of studies have been conducted to examine the uptake of antimony in Leishmania cells. Earlier studies have used radioactive 125 Sb and 73 As, a metal related to antimony, to look at the transport properties of Leishmania cells (5, 7) . However, the availability of the metals in a radioactive form is limiting. Thus, electrothermal atomic absorption spectroscopy 
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BROCHU ET AL. ANTIMICROB. AGENTS CHEMOTHER. (27) and, more recently, ICP-MS techniques (33) have been used to monitor the uptake of antimony in Leishmania cells. We describe here our results with ICP-MS to further characterize the uptake of antimony and to monitor the decreased accumulation of the metal in resistant Leishmania cells. We first confirmed that both trivalent and pentavalent antimony in the form of potassium antimonyl tartrate and Pentostam are taken up by both promastigotes and amastigotes of various Leishmania species (Fig. 3 and 4) . Significantly, Sb(V) accumulation is higher in axenic amastigotes of L. infantum than in their promastigote stage (Fig. 5 ), and this was also observed in Leishmania amazonensis (5) and in L. donovani (33) . Despite the fact that Sb(V) accumulates in both stages of the parasite, at pharmacological concentrations this drug has no antileishmanial activity (19, 26, 31) . This was reconfirmed with axenic amastigotes of L. infantum and L. panamensis (Table 1 and unpublished observations). These observations are consistent with several other studies, but it is salient to point out that in some studies, axenic amastigotes were found to be as susceptible as intracellular ones (3, 4, 33) . This discrepancy will need to be resolved and will require standardization in assessing resistance, as several factors such as medium, pH, and thiol concentration are likely to influence metal susceptibility (4, 30) . Since Sb(III) is highly active against Leishmania and, in our hands, Sb(V) is active only when used against intracellular parasites, it is logical to hypothesize that reduction of Sb(V) to Sb(III) is necessary for activity and that this activity is present primarily in the macrophages. There is one report, however, that shows that the parasite itself in its amastigote stage can reduce Sb(V) to Sb(III) (33) , which suggests that under some conditions, reduction may indeed occur primarily in the parasite. The pH of the medium and even the concentration of thiols such as cysteine (30) could influence the reduction of the metal. Consequently, further work is required to determine where most of the reducing activity takes place. Wherever the site of reduction is, it is clear that more Sb(V) enters the axenic amastigote stage than Sb(III) in L. infantum (Fig. 4) . The differential accumulation of Sb(III) and Sb(V) in both stages of Leishmania suggests that Sb(V) and Sb(III) do not enter by the same route. This was further substantiated by competition experiments with the related metal As(III). Indeed, the accumulation of Sb(III) is competitively inhibited efficiently with As(III) (Fig. 2) , whereas the accumulation of Sb(V) is not (Fig. 4C) . In E. coli, As(III) and Sb(III) enter cells through GlpF, the glycerol facilitator (29) . GlpF is a member of the aquaglyceroporin family, which are channels that transport neutral organic solutes. Yeast (36) and mammalian (17) aquaglyceporins were also shown to catalyze the uptake of As(III) and Sb(III). It remains to be seen how trivalent metals enter Leishmania cells. The fact that Sb(III) uptake is not decreased in cells treated with DNP ( Fig. 6 ) is also consistent with entry through an energy-independent channel like protein. In both E. coli and yeast, arsenate [As(V)] uptake is catalyzed by a number of phosphate transporters (reviewed in reference 28). It is not known yet whether Sb(V) enters by the same transporters as As(V) in different types of cells. However, neither As(V) nor phosphate could compete with the uptake of Pentostam in Leishmania (Fig. 4C and result not shown) . Pentostam consists of Sb(V) complexed to gluconate, and it is possible that Sb(V) enters via a protein recognizing a sugar- like structure shared with gluconate. Gluconate was shown to competitively inhibit the uptake of Sb(V) by 35% in axenic amastigotes (result not shown), suggesting that this could be one possible route of entry. More Sb(III) enters L. infantum promastigotes than axenic amastigotes ( Fig. 3A and B ), but nonetheless, Sb(III) is 15 times more active against the axenic amastigote stage (Table  1) . A similar 15-fold increase in susceptibility was observed for the axenic L. panamensis parasites (Table 1) , although in this case, slightly more Sb(III) enters the amastigote parasite. This increased Sb(III) susceptibility in the amastigote stage was seen in other species (8, 26) , suggesting that targets are expressed differently in amastigotes than in promastigotes or that detoxification of Sb(III) is more efficient in the promastigote stage. Selecting for Sb(III) resistance in the amastigote stage led to resistant parasites (Table 1) , and in these parasites, we report for the first time a marked decrease in the accumulation of the drug ( Fig. 3 and 4 ). This decreased accumulation could be due to decreased uptake (e.g., through a point mutation in the putative channel) or increased efflux of the metal. By deenergizing the resistant cells with DNP, we increased Sb(III) accumulation in resistant cells, suggesting that there is an energy-dependent system either preventing the entry or increasing the efflux of the metal. Interestingly, we could also increase slightly Sb(III) accumulation in wild-type cells upon DNP treatment ( Fig. 6 ), suggesting a basal activity of this energydependent system in sensitive isolates. Using 73 As, we were able to observe an active efflux system whose activity was increased in drug-resistant mutants (7) . While here we were able to measure an efflux of Sb(III) by ICP-MS, we could not see a difference between sensitive and resistant cells (results not shown). This could suggest that the resistance mechanisms between Sb(III) and As(III) are not similar, which we think is unlikely, or that efflux is very rapid in the resistant cells and technically not accurately measurable during the first 30 s. Further work will be required to understand the molecular basis of the decreased accumulation of Sb(III) in resistant cells.
In summary, we have used a novel technique to quantify intracellular antimony uptake in Leishmania. We have provided evidence that Sb(V), the drug used for treating patients, and Sb(III), likely the active form of the metal, accumulate in these parasites by different routes. Leishmania selected for antimony resistance in the amastigote stage also shows a decrease in the accumulation of the drug. Thus, resistance to antimony in Leishmania might be mediated by transporters, and further work is required to test how this decreased accumulation is achieved.
